The effect of additives in an electrolyte solution on the conversion efficiency of a dye sensitized solar cell was investigated. A density functional theory (DFT) method was used to examine the physical and chemical properties of nitrogen-containing additives adsorbed on a TiO 2 surface. Our results show that additives which cause lower partial charges, higher Fermi level shifts, and greater adsorption energies tend to improve the performance of DSSCs. Steric effects that prevent energy losses due to electron recombination were also found to have a positive effect on the conversion efficiency. In this work, 3-amino-5-methylthio-1H-1,2,4-triazole (AMT) has been suggested as a better additive than the most popular additive, TBP, and verified with experiments.
Introduction
Dye-sensitized solar cells (DSSCs) have been widely studied due to their potential as environment-friendly products, their simple assembly technology, and low cost.
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Because of their various colors, transparency, wide range of operation temperatures and wide angle of incident light, DSSCs have been attracting much attention for various applications. [3] [4] [5] [6] However, in spite of the many advantages of DSSCs, the energy conversion efficiency has been lower than that of Si-based solar cells. The photo-to-current conversion efficiency of DSSCs was approximately 11% under AM 1.5 (100 mW/cm 2 ) irradiation. [7] [8] [9] However, using graphitic thin films embedded with highly dispersed titanium dioxide (TiO 2 ) nanoparticles improves cell efficiency in some limited conditions. 10 In DSSCs, electrolytes play an important role in determining the cell performances. In general, a higher conversion efficiency of DSSC was obtained when an electrolyte was used together with proper additives. Additives such as nitrogen-containing compounds, e.g. 4-tert-butylpyridine (TBP), are added to the electrolytes to enhance the open-circuit photovoltage (Voc) and thus the conversion efficiency (η) of DSSCs.
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Recently, much research into improving the conversion efficiency of DSSCs has been attempted by incorporating additives in the electrolyte solution. [15] [16] [17] [18] [19] However, most additives have been selected based on trial and error experiments. We have applied a computational method to find efficient additives for the electrolyte solution. The effect of additives on the TiO 2 surface were investigated with Density Functional Theory (DFT). Then, the results are compared with experimental data to examine the correlation between the effect of additives and DSSC cell performance. Computational characteristic features of additives which affect the efficiency of DSSCs have been identified in order to find better additives. With the findings, a new nitrogen-containing additive has also been suggested and verified with experiments.
The efficiency of DSSCs could be affected by the complicated interaction of TiO 2 , dyes, electrolytes and additives. However, in order to see the effect of additives, our research has been focused on the physical properties of additives and the interaction with TiO 2 , which the additives bind to.
Experimental
Computer Simulation. Our simulation systems were designed by adsorbing an additive molecule on the TiO 2 surface to understand how this adsorbed additive affects the TiO 2 surface. Nitrogen-containing additives such as pyridine, 4-tert-butyl pyridine (TBP), 1,2,4-triazole, imidazole, guanidine, 3-amino-1H-1,2,4-triazole (3ATz) and 3-amino-5-methylthio-1H-1,2,4-triazole (AMT) are considered and shown in Figure 1 .
The geometries of all additives shown in Figure 1 were optimized using Gaussian 03 at the DFT/6-31G* level.
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Atomic charges were calculated using the Natural Population Analysis (NPA) method. [21] [22] [23] The TiO 2 lattice is constructed by a periodic box with a = 10. . Periodic surface slabs with a 15 Å vacuum region were also used for the TiO 2 anatase (1 0 1) surface 24, 25 and additives are added in the vacuum region to represent complex systems of additives and TiO 2 . In order to obtain the Fermi level energies and adsorption energies, the density functional theory (DFT) calculation was performed using CASTEP [26] [27] [28] in Materials Studio 4.4 from Accelrys Inc. The generalized gradient corrected (GGA) function by Perdew, Barke, and Ernzerhof (PBE) 29 was employed in the DFT calculation.
Electrolyte Preparation. The liquid electrolytes were prepared by dissolving 0.62 M 1-butyl-3-methylimidazolium iodide (BMImI), 0.05 M I 2 , and 0.1 M LiI in acetonitrile (ACN). We have tested 7 additives in total, i.e. pyridine, 4-tert-butylpyridine (TBP), 1,2,4-triazole, imidazole, guanidine, 3-amino-1H-1,2,4-triazole (3ATz), 3-amino-5-methylthio-1H-1,2,4-triazole (AMT), for enhancement of the photovoltaic properties of DSSC. They were added into the electrolytes with a concentration of 0.5 M for evaluation. All chemicals except BMImI (CTRI, Korea) were purchased from Aldrich and utilized without further purification.
DSSC Preparation. DSSCs were fabricated according to the following procedure: Transparent conductive oxide glass (TCO, sheet resistance = 7 Ω/□) was employed to prepare both the photoanode and counter electrodes. For the photoanode preparation, commercial TiO 2 paste (E&B Korea) was cast onto the TCO substrate using a doctor-blade technique and successively sintered at 500 ºC for 30 min. A Platinum layered counter electrode was prepared by a conventional sputtering method. The photoelectrodes were sensitized with Ru(dcbpy) 2 (NCS) 2 dye (here, dcbpy = 2,2'-bipyridyl-4,4'-dicarboxylato) solution (5,3,5-bis TBA, Solaronix, dissolved in ethanol) overnight.
Characterization of Photovoltaic Performances of DSSCs. The photovoltaic characteristics of the prepared DSSCs (short-circuit current (J sc ), open-circuit voltage (V oc ), fill factor ( ff ) and overall energy conversion efficiency (η)) were evaluated under 1 sun light intensity (100 mW cm −2 , AM1.5G), checked with an NREL-calibrated Si-solar cell (PV Measurements Inc.). Table 1 represents the performance of a dye-sensitized solar cell measured by experiment. The conversion efficiency (η), V oc and J sc of different additives are compared (including no-additives) in an electrolyte solution. As seen in Table 1 , when an additive is added into the electrolyte solution, the conversion efficiency is relatively increased. Table 2 shows the physical and chemical properties calculated from our computer experiments. The lowest partial atomic charge of each additive molecule, the adsorption energy between an additive and a TiO 2 surface, and the TiO 2 Fermi energy are obtained with a DFT calculation. These simulated properties are compared with experimental data to find dominant factors that are correlated with the DSSCs cell performance. Figure 2 represents the correlation between the lowest partial charge and Fermi energy. As the lowest partial charge of additives is increased, a TiO 2 Fermi level energy is also increased. When an additive was adsorbed on a TiO 2 surface, Additives such as TBP, guanidine and AMT have specific features in their molecular structure that maximize the spatial covering area, so that it prevents the energy loss from TiO 2 to electrolytes. This may explain why they induce such a large shift in the TiO 2 Fermi energies.
Results and Discussion
As seen in Figure 3 , when the geometries of guanidine and AMT adsorption on a TiO 2 surface were optimized, their resulting adsorption orientation allowed for all of the electron-donating sites such as nitrogen to be closer to the TiO 2 surface. This is in contrast to the other additives which adsorb vertically onto the TiO 2 surface, as seen by the example of TBP shown in Figure 3(a) . However, unlike the other additives, the tert-butyl functional group in TBP still allows for a large coverage of the TiO 2 surface. Therefore, TBP, guanidine and AMT additives give rise to a stronger electron-donating effect on the TiO 2 surface, and thus can induce a larger negative shift of Fermi energy than others.
In this work, we observed that electron donating properties such as partial charges of additives have an influence on the Fermi level energy. However, contrary to the reports in previous works, 18 we cannot find any correlation between V oc and Fermi energy. Except for the 1,2,4-triazole additive, when an additive is added to the electrolyte solution, the V oc is increased relatively compared to the V oc of the electrolyte solution with no additives. And, the TiO 2 Fermi energy obtained by simulation also increased. This means that an additive adsorbed on a TiO 2 surface enhances the TiO 2 Fermi energy and the V oc .
The efficiency is remarkably enhanced when TBP, 3ATz, and AMT are added to the electrolyte solution. The AMT additive represents a higher efficiency than TBP, which is widely used. And 3ATz is also a good additive to enhance the efficiency. In spite of the highest Fermi energy shift of guanidine, its efficiency is not the highest. This result shows that factors other than the Fermi energy contribute to the conversion efficiency. Apart from this one exception, the trends in Figure 4 show a strong correlation between the Fermi energy and the conversion efficiency.
Another finding of this work is the effect of adsorption energy on the conversion efficiency of DSSCs. Figure 5 represents the correlation between the adsorption energy (eV) and conversion efficiency (%). The greater the adsorption energies between an additive and the TiO 2 surface, the higher the efficiencies, as shown in Figure 5 . Also worth noting is the adsorption energy of guanidine, which is lower than the adsorption energy of TBP. This may explain the low conversion efficiency of guanidine in spite of its large Fermi level shift. In contrast, TBP meets all the high-efficiency conditions such as a large Fermi level shift, a strong adsorption energy and a good steric effect to prevent the energy loss. The highest conversion efficiency was achieved when using the AMT additive. Compared to TBP, its adsorption energy and Fermi level shift are slightly lower, but with a steric property that cause a better prevention of energy loss, AMT gives the highest conversion efficiency of the molecules we studied.
Conclusion
Nitrogen-containing additives adsorbed on a TiO 2 anatase (1 0 1) surface were investigated with DFT calculations. Our results were compared with experimental data on conversion efficiency (η) and open circuit voltage (V oc ). In this work, chemical and physical properties such as partial atomic charges, Fermi energy, adsorption energy and steric effect are found to have correlations with conversion efficiency. In particular, AMT can be used as a better additive than the most popular additive, TBP. In addition to that, contrary to previous reports, 18 we found that there is no correlation between V oc and Fermi energy.
